␣ 2 -Adrenoceptors (␣ 2 -AR) modulate many central nervous system functions, such as regulation of sympathetic tone, vigilance, attention, and reactivity to environmental stressors. Three ␣ 2 -AR subtypes (␣ 2A , ␣ 2B , and ␣ 2C ) with distinct tissue-distribution patterns are known to exist, but the functional significance of each subtype is not clear. Since specific, ␣ 2 -AR subtype-selective pharmacological probes are not available, mice with genetically altered ␣ 2C -AR expression were studied in order to investigate the possible involvement of the ␣ 2C -AR in physiological and behavioral responses to acute and repeated stress. A modified version of Porsolt's forced swimming test was used to assess the possible effects of altered ␣ 2C -AR expression on the development of behavioral despair. ␣ 2C -Overexpression increased and the lack of ␣ 2C -AR (␣ 2C -KO) decreased the immobility of mice in the forced swimming test, ie ␣ 2C -AR expression appeared to promote the development of behavioral despair. In addition, ␣ 2C -KO was associated with attenuated elevation of plasma corticosterone after different stressors, and overexpression of ␣ 2C -ARs was linked with increased corticosterone levels after repeated stress. Moreover, the brain dopamine and serotonin balance, but not norepinephrine turnover, was dependent on ␣ 2C -AR expression, and the expression of c-fos and junB mRNA was increased in ␣ 2C -KO mice. Since ␣ 2C -KO produced stress-protective effects, and ␣ 2C -AR overexpression seemed to promote the development of changes related to depression, it is suggested that a yet-to-be developed subtype-selective ␣ 2C -AR antagonist might have therapeutic value in the treatment of stress-related neuropsychiatric disorders.
Introduction
␣ 2 -ARs inhibit neuronal firing and regulate the release of norepinephrine (NE), serotonin (5-HT), dopamine (DA), and other brain neurotransmitters, thus participating in a variety of physiological functions, including modulation of the central nervous system (CNS) reactivity to environmental stressors. [1] [2] [3] [4] [5] Recently, the heterogeneity of ␣ 2 -ARs has been delineated. 6 The three cloned ␣ 2 -AR subtypes, designated as ␣ 2A , ␣ 2B , and ␣ 2C , are well conserved across species and have distinct tissue and cellular distributions. [7] [8] [9] [10] [11] [12] All ␣ 2 -AR subtypes couple to inhibitory G-proteins, but also differ-been associated with changes in aggressive behavior, the startle reflex and its prepulse inhibition, 22 damphetamine-stimulated locomotor activity, and l-5-hydroxytryptophan-induced behaviors. 23 These results raise the possibility that yet-to-be developed drugs selective for the ␣ 2C -AR would have therapeutic potential in neuropsychiatric disorders and that they would perhaps not have the typical sedative and cardiovascular adverse effects associated with current subtypenonselective ␣ 2 -AR drugs.
In the current study, we explored whether ␣ 2C -ARs, which are mainly expressed in the CNS, contribute to the mediation of behavioral and physiological stress responses. Porsolt's forced swimming test (FST) 24 was selected for the evaluation of behavioral stress reactivity in two distinct transgenic mouse strains; one had a targeted inactivation of the gene encoding the ␣ 2C -AR (␣ 2C -knockout, ␣ 2C -KO), and the other had tissuespecific overexpression of ␣ 2C -ARs (␣ 2C -OE). 21, 25 In the FST, animals are exposed to swim stress in order to produce a stress reaction that decreases the animals' activity in a subsequent test swim session; this phenomenon is called 'behavioral despair'. 26 Since the FST has predictive validity in the development of antidepressants, [27] [28] [29] we aimed to predict whether drugs acting via ␣ 2C -AR would possibly have either stressprotective and/or antidepressant-like actions in the FST. Instead of drug administrations, we made an assumption that ␣ 2C -KO mice would mimic the actions of a chronically administered ␣ 2C -AR antagonist, and that overexpression of the ␣ 2C -AR would mimic longterm treatment with an ␣ 2C -AR agonist. It should be acknowledged, however, that the mutations have a lifelong effect on the ␣ 2C -AR expression; it is therefore not possible to rule out that some developmental consequences resulting from the altered ␣ 2C -AR expression may contribute to the results.
Stress is known to increase the release of NE as well as other monoamines. 4, 30 Therefore, and because our previous study hinted at ␣ 2C -AR-dependent modulation of DA and 5-HT balance in the brain, 21 we investigated whether altered ␣ 2C -AR gene expression affects the brain monoaminergic response to swim and restraint stress. To further characterize the brain regions where ␣ 2C -AR gene mutations might have effects on neuronal activity, mRNA levels of the stressresponsive immediate-early genes c-fos and junB were determined. Finally, stress-induced plasma corticosterone responses were determined as a general marker for stress responsivity of the adrenocortical system.
Materials and methods

Animals
The experimental animals represented two strains of genetically engineered mice and two types of wild-type control mice. The mutations were generated at Stanford University (Stanford, CA, USA). One strain had a targeted disruption of the ␣ 2C -AR gene (␣ 2C -KO) and the other had tissue-specific overexpression of ␣ 2C -ARs (␣ 2C -OE). The wild-type controls were littermates or genetically closely related to the mutants, but because the wild-type mice represented markedly different strain backgrounds, they are designated as ␣ 2C -KO-wt and ␣ 2C -OE-wt, respectively. A total of 401 male mice were studied at the age of 10-20 weeks.
The generation of both mutant strains has been described previously. 21, 25 Briefly, the ␣ 2C -AR gene was inactivated in 129/Sv embryonic stem cells 31 which were injected into C57BL/6J blastocysts, and the resulting chimeric mice were bred to F 1 (C57BL/6J × DBA/2J) animals. These animals were back-crossed for several generations to C57BL/6J mice; then intercrossed, and the tested ␣ 2C -KO mice were offspring of closely related F [11] [12] pairs, which were combinations of mice with wild-type, heterozygous or homozygous genotypes for the ␣ 2C -AR mutation. All tested ␣ 2C -KO mice were homozygous for the mutation. The germline transmission of the mutation was monitored from mouse tail biopsies by Southern (DNA) analysis.
The ␣ 2C -OE mice were generated by pronuclear microinjection to one-cell fertilized eggs from the FVB/N strain. A tyrosinase minigene construct was coinjected for visual identification of the transgenic progeny on the basis of coat color. 32 The tested ␣ 2C -OE mice were heterozygous. According to in situ mRNA hybridization results and receptor autoradiography, the overexpression of ␣ 2C -ARs is ෂ3-fold in ␣ 2C -OE mice in brain regions which normally express the receptor. 21 Correspondingly, ␣ 2C -AR binding is absent in the brains of ␣ 2C -KO mice. 25 The mice were housed in groups of 6-10 in standard polypropylene cages (38 cm × 22 cm × 15 cm) at 22 ± 1°C and kept on a 12:12-h light-dark cycle with light onset at 06.00 h. Experiments were conducted between 08.30 and 16.00 h. The animal care was in accordance with the regulation of the ICLAS (International Council for Laboratory Animal Science) and the experiments had approval of the local committee for laboratory animal welfare. Each animal was tested only once.
Experiment 1: Forced swimming test
A modified forced swimming test was used to evaluate the effects of altered ␣ 2C -AR expression on the behavioral stress responsivity of mice, ie to measure the development of behavioral despair after different durations of swim stress. Since no drugs were used, the test was a modified version of the original test for rats described by Porsolt et al. 24 The mice were individually immersed for either 1, 2.5, 5, 10, or 20 min in a transparent glass cylinder (20 cm high, 8 cm in diameter), which contained water at 25°C to a depth of 8 cm; this first swim exposure was designated as preswim. The water was changed between each animal, and the mice were gently dried after the pre-swim and put into a fresh cage under a warming lamp for 15 min. Those mice which were randomized to a 0-min preswim (control) group were also put under the warming lamp from their home cages for 15 min. Twenty-four hours later the mice underwent a 5-min test swim in which the duration of activity of the mice in the water was measured. Clear attempts to escape as well as swimming around the cylinder were scored as activity but minor limb movements to maintain the floating posture were regarded as immotility. The observer was blind to the mouse genotypes and pre-swim durations, but the ␣ 2C -OE mice could be identified from their ␣ 2C -OE-wt controls by their different coat color.
Experiment 2: Analysis of brain biogenic amines and their metabolites, c-fos amd junB mRNA, and plasma corticosterone after acute and repeated stress Groups of mice from each genotype were exposed to a mild stress, 2.5 min swim in 25°C water, or to a moderate stress, 20 min immobilization by taping the animal's body and tail to a bench top using 5 cm wide easily removable tape. Twenty minutes from the beginning of the stress exposure, the animals were killed by decapitation and trunk blood and brains were collected. The brains were rapidly frozen in an isopentane bath in dry ice. In a separate experiment, groups of mice of each genotype were immobilized for 2 h on 7 consecutive days. On the 7th day, brain and blood samples were collected immediately after the 2-h immobilization. Samples from control groups of each genotype without stress exposure were taken simultaneously in both acute and repeated stress tests. Immediate-early gene mRNA levels were determined only from mice after acute stress exposure and their controls. Biogenic amines and their metabolites were determined from whole brain homogenates in 0.1 M perchloric acid using electrochemical detection (ESA Coulochem 5011, Bedford, MA, USA) after separation by high-performance liquid chromatography (HPLC) on a reversed-phase C18 column (Ultrasphere ODS, 4.6 × 250 mm, Beckman Instruments, Fullerton, CA, USA). The buffer systems described by Mefford 33 were used, with separate assays for indoles and the DA metabolite homovanillic acid (HVA) and for catecholamines after their purification on activated alumina. The minor modifications to the original published procedures have been described elsewhere. 34 The NE metabolite, 3-methoxy-4-hydroxyphenylglycol (MHPG), was determined in a separate HPLC assay using a modified procedure previously validated for plasma samples. 35 The brain homogenates were centrifuged, and the supernatants were neutralized before extraction with Bond Elut PH-columns (Analytichem International, Harbor City, CA, USA).
C-fos and junB mRNA expression levels were determined by in situ hybridization
The brains from stressed and non-stressed ␣ 2C -KO and ␣ 2C -OE animals and their controls were frozen together on the same specimen holder. The tissues were sectioned in a Microm HM 500 cryostat at 14 m and thaw-mounted onto Polysine glass slides (Menzel, Germany). The sections were stored at −20°C until used.
Oligonucleotides targeted to c-fos (nucleotides corresponding to amino acids 137-152 of rat c-fos 36 ) and junB (amino acids 195-210 of mouse junB 37 ) were labeled to specific activity of 1 × 10 9 cpm g −1 at the 3Ј end with [ 33 P]dATP (Dupont-NEN, Boston, MA, USA) using terminal deoxynucleotidyltransferase (Amersham, Bucks, UK). Several control probes with the same length and similar GC content and specific activity were used to determine the specificity of the hybridizations. Addition of 100-fold excess of respective unlabelled probe abolished all hybridization signals.
In situ hybridization was carried out as described previously. 38 The slides were incubated in humidified boxes at 42°C for 18 h with 5 ng ml −1 of the labelled probe in a hybridization mixture containing 50% formamide (GT Baker, Deventer, Holland), 4 × SSC (1 × SSC consists of 0.15 M NaCl and 0.015 M sodium citrate), 1 × Denhardt's (0.02% bovine serum albumin, 0.02% Ficoll, 0.02% polyvinylpyrrolidone), 1% sarkosyl (N-laurylsarcosine; Sigma Chemical, St Louis, MO, USA), 0.02 M sodium phosphate, pH 7.0, and 10% dextran sulfate (Pharmacia, Uppsala, Sweden). The sections were subsequently rinsed in 1 × SSC at 55°C for 60 min with four changes of SSC and finally in 1 × SSC starting at 55°C and slowly cooled to room temperature (Ϸ1 h), transferred through distilled water, briefly dehydrated in 60% and 95% ethanol for 30 s each, airdried, and covered with Kodak Biomax MR autoradiography film (Kodak, Rochester, NY, USA) for 30 days. Films were then developed with LX 24 developer (Kodak) for 2 min and fixed with Unifix (Agfa-Gevaert, Leverkusen, Germany) for 15 min.
The image analysis system consisted of an IBM-PC, SensiCam digital camera (PCO Computer Optics GmbH, Kelheim, Germany), Nikon 55-mm lens and Northern Light precision illuminator (Imaging Research, St Catharines, Ontario, Canada). The measurements were performed using the Image-Pro Plus program (Media Cybernetics, Silver Spring, MD, USA). The gray levels corresponding to 14 C-plastic standards (Amersham) within the exposure range of the film were determined and used in a third order polynomial approximation to construct an optical density to radioactivity transfer function. The areas of interest were interactively defined, and the average activity in each area was calculated. At least five sections from each animal in each group were measured, and their mean values were used in statistical analysis.
Corticosterone was measured in trunk blood samples with radioimmunoassay using the Corticosterone 125 I RIA kit (ICN Biomedicals, Costa Mesa, CA, USA).
Data analysis STATISTICA 4.5 computer software (StatSoft, Tulsa, OK, USA) was used to determine the statistical significance of differences between various treatment and genotype groups. P values smaller than 0.05 were considered as statistically significant. Comparisons between genotypes were performed only between the appropriate mutant and wild-type genotype pairs. Multivariate ANOVA was used to explore overall differences between various treatment and genotype groups and their possible interactions. Results from brain biogenic amine and mRNA determinations were evaluated with Student's t-tests.
Results
Forced swimming tests
The mean duration of activity of the ␣ 2C -KO mice in the test swim was clearly longer than that of their controls, when all pre-swim groups (except the 0-min group) were taken into analysis (Figure 1 ; 2-way ANOVA for genotype difference: F (1,56) = 10.1, P = 0.0024). In contrast, the ␣ 2C -OE mice tended to be less active in the test swim than their controls (Figure 2a; F (1,74) = 3.27, P = 0.074). This genotype difference was statistically significant when also the 0-min pre-swim group was included in the analysis (F (1,87) = 3.99, P = 0.049). In order to confirm the activity difference between ␣ 2C -OE and ␣ 2C -OE-wt mice in the test swim, a second experiment was conducted using 0-and 20-min pre-swim times. The hypoactivity of ␣ 2C -OE mice compared to ␣ 2C -OE-wt mice now appeared to be more clear ( Figure  2b ; F (1,36) = 16.53; P = 0.00025). Interestingly, the ␣ 2C -OE mice were clearly less active than their wild-type controls also in the 0-min pre-swim group (Tukey's test; P = 0.017). No significant difference was observed between ␣ 2C -KO and ␣ 2C -KO-wt mice with 0-min preswim ( Figure 1 ). The pre-swim had a clear reducing effect on the duration of activity in the test swim in all comparisons (P Ͻ 0.0001), but ANOVA did not indicate pre-swim time × genotype interactions.
Brain biogenic amines and their metabolites
Results from analyses of the biogenic amines and their metabolite levels in whole brain homogenates after A subsequent test confirmed that also those ␣ 2C -OE mice which did not undergo a pre-swim (the 0-min group) were less active than their wild-type controls (P = 0.017). Asterisks refer to significant differences in t-tests between no stress and stress groups of the same genotype (*P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001). + Indicates significant difference between genotypes in corresponding treatment groups (P Ͻ 0.05). The values are in nmol g −1 brain tissue as means + SEM. NE, norepinephrine; MHPG, 3-methoxyphenylglycol; DA, dopamine, DOPAC, 3-4-dihydroxyphenylacetic acid; HVA, homovanillic acid; 5-HT, 5-hydroxytryptamine ie serotonin; 5-HIAA, 5-hydroxyindoleacetic acid.
acute and repeated stress exposures are shown in Tables 1 and 2 . Compared to corresponding genotype groups without stress, the acute swim-stress increased the NE metabolite MHPG levels in all mice, with no differences between mutant and respective wild-type mice. Also the concentrations of the DA and 5-HT metabolites, HVA and 5-HIAA, were clearly elevated after swim-stress in ␣ 2C -KO, ␣ 2C -KO-wt, and ␣ 2C -OE-wt mice, but only minor, if any, elevations in HVA and 5-HIAA were observed in the ␣ 2C -OE group (Table 1) . The reductions of NE and 5-HT in the ␣ 2C -KO and ␣ 2C -KO- Asterisks refer to significant differences in t-tests between no stress and stress groups of the same genotype (*P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001). The values are in nmol g −1 brain tissue as means + SEM. Abbreviations as in Table 1. wt mice, and the increases of MHPG levels in all studied mice were more pronounced after acute immobilization than after swim-stress, indicating that the immobilization caused a more severe stress reaction than the swim.
Repeated stress again resulted in similar MHPG responses in mutant and wild-type mice. Attenuated HVA and 5-HIAA responses, similar to those observed after acute stress in ␣ 2C -OE mice, were again seen in the ␣ 2C -OE group, and the HVA and 5-HIAA levels were distinctly elevated in the other genotype groups (Table 2 ). An overall ANOVA, performed over all acute stress challenge groups, and including non-stressed animals, indicated that ␣ 2C -KO-mice had lower brain 5-HT, 5-HIAA, DOPAC and HVA concentrations (P Ͻ 0.05) than ␣ 2C -KO-wt mice, and that ␣ 2C -OE mice had higher brain HVA concentrations than ␣ 2C -OE-wt mice. In addition, compared to ␣ 2C -OE-wt mice, trends without statistical significance for higher levels of 5-HT, 5-HIAA and DOPAC were observed in ␣ 2C -OE mice without stress, and after swim stress these measures were lower than in the ␣ 2C -OE-wt mice. After repeated stress the differences between the genotypes were smaller, but the trends in the means were again similar.
Analysis of c-fos and jun-B mRNA expression in brain by in situ hybridization
The control (non-stressed) ␣ 2C -KO mice had higher levels of c-fos and junB mRNAs in cortex and hippocampus than ␣ 2C -KO-wt (Figure 3 ). In the hippocampus, the expression of junB mRNA was significantly elevated in the CA1 and CA2 fields of Ammon's horn of nonstressed ␣ 2C -KO animals when compared to nonstressed ␣ 2C -KO-wt mice, whereas in the rest of the hippocampal fields there were no significant differences between these two groups ( Figure 4 ). There were no differences in the levels of c-fos and junB mRNA expression in cortex, hippocampus or striatum between non-stressed ␣ 2C -OE and ␣ 2C -OE-wt mice. After swim and restraint stresses, clear increases were observed in c-fos mRNA levels in cortex and hippocampus as well as junB mRNA levels in cortex in all strains of mice (P Ͻ 0.001). In addition, the differences in the mRNA levels between ␣ 2C -KO and ␣ 2C -KO-wt mice, which could be seen in non-stressed animals, almost completely disappeared after the stresses.
Plasma corticosterone
The plasma corticosterone levels were elevated 4-12-fold after stress, as expected. No differences were observed in the baseline corticosterone concentrations between corresponding genotypes (Figure 5a, b) . ␣ 2C -KO-mice had constantly lower corticosterone concentrations than ␣ 2C -KO-wt mice after different stressors (Figure 5a ; 2-way ANOVA, genotype difference: F (1,96) = 14.9, P = 0.00021). The difference was most clear after repeated stress when the mean concentrations in ␣ 2C -KO and ␣ 2C -KO-wt mice were 220 ± 22 and 298 ± 17 ng ml −1 , respectively (Tukey's test, P = 0.00078). Compared to ␣ 2C -KO and ␣ 2C -KO-wt mice, the corticosterone responses to acute stress were more intense in ␣ 2C -OE and ␣ 2C -OE-wt mice. The ␣ 2C -OE mice had smaller corticosterone responses than their wild-type controls after acute stressors (F (1,46) = 4.25; P = 0.045), like the ␣ 2C -KO mice. Interestingly, after repeated stress, the difference between ␣ 2C -OE and ␣ 2C -OE-wt mice was opposite to that observed after acute stress ( Figure 5) ; ie ␣ 2C -OE mice had higher corticosterone levels (230 ± 13 ng ml ) than ␣ 2C -OE-wt mice (178 ± 9 ng ml −1 ) (Tukey's test, P = 0.0013; interaction between ␣ 2C -OE and ␣ 2C -OE-wt genotypes vs acute and repeated stress: F (2, 66) = 4.86; P = 0.011). 
Discussion
␣ 2C -AR gene disruption (␣ 2C -KO) was associated with increased duration of activity in the FST and attenuated increases in plasma corticosterone after different stressors. In addition, markedly enhanced c-fos and junB mRNA expression levels were observed in several brain regions in non-stressed ␣ 2C -KO mice. Compared to ␣ 2C -KO mice, overexpression of ␣ 2C -ARs had opposite effects on behavior in the FST and on the corticosterone responses after repeated immobilization.
Stress-induced elevations in brain HVA and 5-HIAA concentrations after both acute and repeated stress were attenuated in ␣ 2C -OE mice, but HVA and 5-HIAA were increased similarly in ␣ 2C -KO and ␣ 2C -KO-wt mice. Overall analysis of the brain monoamine and metabolite levels of both non-stressed and stressed animals indicated that ␣ 2C -KO mice had significantly lower 5-HT, 5-HIAA, DOPAC and HVA concentrations than their controls, whereas ␣ 2C -OE-mice showed opposite trends in the corresponding measures; HVA levels were also statistically significantly higher in ␣ 2C -OE than in ␣ 2C -OE-wt mice. In addition, the baseline levels of the two genetically different wild-type strains were different. These differences may mask some stress-induced changes and complicate the interpretation of the stress effects. Interestingly, brain NE turnover was not altered by the ␣ 2C -AR gene manipulations according to brain NE and MHPG content, and the stress-induced changes in NE and MHPG concentrations were similar in both mutant strains and their corresponding controls. The current brain monoamine and metabolite results from non-stressed and stressexposed mice actually confirm our previous suggestion, based on studies employing a subtype non-selec- Figure 5 The plasma corticosterone levels (ng ml without stress and after different stressors. Compared to similarly treated wild-type mice, the stress-induced elevations in plasma corticosterone were attenuated in ␣ 2C -KO mice after acute and repeated stress (P Ͻ 0.001), whereas the repeated stress increased the corticosterone levels in ␣ 2C -OE mice significantly more than in their controls (P Ͻ 0.001).
tive ␣ 2 -AR agonist, that altered ␣ 2C -AR expression modulates brain DA and 5-HT (but not NE) metabolism. 21 The underlying mechanisms are, however, not clear.
FST was used here to test the association between ␣ 2C -AR function and stress-related behavioral despair. The observed statistically significant differences in the response patterns of ␣ 2C -KO and ␣ 2C -OE mice and their corresponding wild-type controls were opposite; this strengthens the significance of the statistical comparisons, since the two mutant and wt strain pairs have genetically altered ␣ 2C -AR expression but are otherwise independent and have differences in their baseline behaviors due to their markedly different strain backgrounds. In addition, the locomotor activity of the mice in the repeated stress groups was determined repeatedly between the immobilizations and was found not to differ from the activity of non-stressed control mice representing the corresponding genotype groups (data not shown). This suggests that swimming activity after stress could be distinguished from general locomotor activity which was not altered by the mutations or by repeated stress.
FST is extensively used to evaluate the potential efficacy of prospective antidepressants because of its predictive validity and sensitivity for most of the current antidepressants. 28, 29, 39 Complex functional relationships have been suggested in the FST between ␣ 2 -ARs and the brain serotonergic system on the basis that ␣ 2 -agonists and -antagonists interact with antidepressants in the FST. 40, 41 However, selective ␣ 2 -antagonists or -agonists have no clear independent effects in the FST, and the ␣ 2 -agonist-induced immobility in the FST may result from the sedative effect of clonidine. 28, 40, 41, 42 The brain noradrenergic response to stress, mirrored by increased MHPG concentrations, was not altered by the gene manipulations. One explanation for this is that ␣ 2A -AR is the predominant ␣ 2 -AR subtype in the locus coeruleus (LC), which is a crucial regulatory site in the activation of the brain noradrenergic system in the response to stress. 30 Interestingly, ␣ 2 -AR antagonists are known to increase and ␣ 2 -AR agonists to decrease arousal, by altering the firing rate of LC neurons and the release of NE in the CNS. Since the sedative effects of ␣ 2 -AR agonists appear to be mediated by ␣ 2A -AR, it is possible that this subtype is also responsible for the effects of ␣ 2 -AR antagonists on arousal. In addition, the traditional ␣ 2 -AR agonist clonidine and the antagonist yohimbine have anxiolytic and anxiogenic effects, respectively. These properties, if ␣ 2A -ARmediated, would antagonise the proposed ␣ 2C -ARmediated effects in the FST, when subtype non-selective ␣ 2 -AR agonists or antagonists are used. Furthermore, binding of many purportedly selective ␣ 2 -AR antagonists to other receptors, such as 5-HT 1A -receptors, may be an additional confounding factor. 43 We speculate that subtype non-selective ␣ 2 -AR antagonists could induce excessive arousal via the LC, perhaps leading to feelings of anxiety. The current results suggest that a selective ␣ 2C -AR antagonist might have antidepressant-like actions without prominent NE-releasing and anxiogenic properties.
Since the brain monoamine levels were determined from whole brain homogenates, the current results do not allow one to exactly determine any anatomical structures that could be responsible for the observed DA and 5-HT changes. Nevertheless, ␣ 2C -AR-dependent modulation of nigrostriatal and mesocortical dopaminergic pathways may in part explain the observed effects on brain DA metabolism and swimming activity, given that ␣ 2C -ARs are predominantly expressed in the striatum. [7] [8] [9] [10] [11] [12] Another candidate structure is the hippocampus, which is a very stress-sensitive region and receives intense NE innervation. It may be involved in the 5-HT changes, because a wealth of evidence points to complex interactions between ␣ 2 -ARs, and brain NE and 5-HT systems, as well as with the actions of antidepressants in the hippocampus, as highlighted by Mongeau and colleagues. 44 The ␣ 2C -ARs are abundantly expressed in the CA1 field of Ammon's horn, [7] [8] [9] 21 which is in accordance with the increased junB mRNA expression in ␣ 2C -KO mice, observed selectively in the CA1 and CA2 subregions of the hippocampus (Figure 4 ). Mongeau and coworkers 45 have also demonstrated that hippocampal ␣ 2 -ARs located in the 5-HT terminals are tonically activated by endogenous NE; lack of this tonic neuronal inhibition due to a lack of functional ␣ 2C -AR could also explain the 5-HT differences and increased hippocampal c-fos and junB mRNA levels in non-stressed ␣ 2C -KO mice. Further, the ␣ 2 -AR antagonist yohimbine has been shown to increase c-fos mRNA expression in brain, 46 which is in accordance with the current results. Finally, it is also possible that the observed net effects in DA and 5-HT metabolism are secondary and result from changes in the balance of additional neurotransmitter systems, such as glutamate or GABA, and/or changes in the tone of various neural networks.
It is generally accepted that stress and depression are linked, although their causal relationships are not clear. It has been proposed that stress-induced increases in glucocorticoid levels are detrimental to some brain structures, such as the hippocampus, which could lead to atrophy, or even death, of vulnerable neurons and thus lead to impaired function, and depression. 47 On the other hand, hypercortisolism, consistently observed in depressed patients, has also been recently related to an abnormal adrenocortical feedback modulation occurring at a central site, such as the hippocampus, rather than at the level of the pituitary. 48, 49 From this point of view, alterations in the regulation of the corticosterone system by the ␣ 2C -AR gene manipulations, either directly or indirectly through changes in the brain monoamine balance, may also account for the behavioral responses observed in the FST. This is supported by findings demonstrating that the corticosterone synthesis inhibitor, metyrapone, increases the duration of activity in the FST. 50 Moreover, glucocorticoid receptor antisense oligonucleotides have shown anti-immobility effects in FST when injected into the dentate gyrus of the hippocampus, 51 a region where the ␣ 2C -AR seems to be the only expressed ␣ 2 -AR subtype in mice. 21 It is possible that overexpression of ␣ 2C -AR leads to a sustained activation of ␣ 2C -AR mediated circuitries, which could lead to an equivalent of a constitutively stressful state in the ␣ 2C -OE mice. This could explain why those ␣ 2C -OE mice which were forced to swim for the first time ( Figure 2 ) were already less active than their wild-type controls (while no difference was seen in their undisturbed locomotor activity). 21 It could also explain the slightly increased baseline concentrations of brain HVA and 5-HIAA and the attenuated elevations of HVA, 5-HIAA and corticosterone levels after acute stress as well as the decreased mRNA levels. More speculatively, this hypothesis is in line with a recent study demonstrating increased ␣ 2 -AR radioligand binding to a non-␣ 2A -AR subtype in brains of unmedicated depressed suicides. 52 In conclusion, our results demonstrate how excess function of a single adrenergic receptor subtype, or loss of its function, is capable of causing substantial alterations in the stress-responsivity of the corticosterone system and the brain monoamine balance. The current study therefore emphasizes the importance of singlegene mutations in responses to environmental stressors, which may contribute to the manifestation of various neuropsychiatric disorders. The FST results also suggest that a selective ␣ 2C -AR antagonist would have therapeutic potential as an antidepressant.
